We have fabricated a set of microwire composites with varying wire concentrations and studied their effective complex permittivity under the tensile stress at a frequency range of 1-6 GHz. It has been found that with increasing wire concentration the composite presents increasing effective permittivity and strain sensitivity. The Gaussian molecular network model shows a complex strain dependence of sensitivity due to the composite architecture influenced by the wire concentrations. All these results indicate the proposed composite are excellent candidate materials for the microwave sensing and structural interrogation applications. © 2010 American Institute of Physics. ͓doi:10.1063/1.3502488͔
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There has been broad interest over the years in the development of engineered multiphase composites containing microscale or nanoscale fillers in terms of their electromagnetic properties for microwave applications such as reinforced composite structures, 1 tunable microwave devices, 2 and remote interrogated sensors. 3 A key issue is to understand how the wave transport properties are modified as it interacts with the composite in the presence of external stimuli such as temperature and/or stress. Especially, in the latter case, to decode the effect of stress on the polarization and magnetization mechanisms and the way to control them are the basis of developing multifunctional composites for both domestic and industrial applications. Two electromagnetic parameters, namely, the effective complex permittivity and magnetic permeability, are fundamental to describe the response of the material to external stress, which are often associated with the relaxation and resonance characteristics in the spectra. 4 Most recently, a smart microwire polymer composite has been devised to realize multifunctionalities for structural health monitoring. 5, 6 The magnetic field effect on the effective permittivity was systematically presented. As a step further, the present work targets on the stress effect. The primary principle is as follows: for a composite containing ferromagnetic wires exhibiting giant magnetoimpedance effect at microwave frequencies, 7 the effective permittivity may depend on a dc magnetic field via the corresponding dependence of the surface impedance. The surface impedance can be changed by applying an external stress which modifies the magnetic anisotropy and domain structure of the wires. Thus, the effective permittivity may also depend on the external stress or strain. Further to the stress tunable theory proposed by Panina et al., 8 4 m ͑MFTI, Moldova͒ and silicone rubber were used for the preparation of composite materials. The continuous microwires with the same length of 70 mm were embedded in a parallel manner into the silicone rubber matrices, which were bonded by silicone resin. The number ͑n͒ of the microwires in composites varied with n=6,12,17 corresponding to the wire spacing d=2,1,0.8 mm. For comparison, copper wires with a diameter of 60 m were also used as fillers. The resultant composites are of uniform dimension of 70 mmϫ 13 mm ϫ 1.8 mm.
Complex effective magnetic permeability and permittivity spectra were measured using a modified microwave frequency-domain spectroscopy with/without a tensile stress applied along the wire direction at a frequency range of 1-6 GHz, and then extracted by a built-in utility program. In outline, our experiments consist of measuring the transmission and reflection coefficients of an asymmetric microstrip transmission line containing the sample during uniaxial tensile stress as schematically shown in the inset of Fig. 1 . The electromagnetic measurement was carried out with a wave vector of the electromagnetic field perpendicular to the wires. The quasi-TEM transverse electromagnetic mode, which is the only mode that propagates in the structure, makes the analysis of the complex transmission and reflection coefficients relatively simple. Using the Nicolson-Ross procedure for the transformation of the load impedance by a transmission line, 9 and are determined by the transmission S 21 and reflection S 11 parameters. A vector network analyzer ͑Agilent, model H8753ES͒ with SOLT ͑short, open, load, and thru͒ calibration is used to measure the S parameters of the cell containing the sample under test within the frequency range between 300 MHz and 5 GHz. Details of the instrumental were discussed elsewhere. 9 Our deformation apparatus is capable of generating up to 100% axial strain on a 4 cm long sample. 9 The tensile strain along the direction of the tension of the material subjected to a uniaxial tension is defined as = ͑ᐉ − ᐉ 0 ͒ / ᐉ 0 , where ᐉ and ᐉ 0 denote the actual a͒ Author to whom correspondence should be addressed. Electronic mail: faxiang.qin@bristol.ac.uk.
and initial lengths of a sample, respectively. The accuracy, reproducibility, and analysis of our technique were tested by measurements on a number of heterogeneous soft materials. 4, 9, 10 To obtain accurate measurements of and , it is particularly important to take into account the residual air-gap between the sample and the line walls. All measurements were done at ambient temperature. Figure 1 shows the ͑relative͒ permittivity spectra for composites containing different amount of microwires. For the unstressed sample, the real component of permittivity Ј increases with the wire amount. For the same amount of wires, the composite containing copper wires displays a larger Ј than that with magnetic microwires. The same trend remains until the strain reaches 2.4%. Noticeably, a broad relaxation peak appears at about 4 GHz for the n = 12 sample at = 2.4% and, at the same strain, a sharper peak occurs at around the same frequency for the n = 17 sample. However, such a phenomenon is not observed for the n = 6 sample and the sample with copper wires. Figure 2 summarizes the strain dependence of Ј. The sample without wires shows expected response of Ј to stress. After adding the fillers into the composite matrix, Ј starts to show relatively stronger stress sensitivity, which increases with the wire amount. The sample with copper wires presents similar stress sensitivity of Ј with that containing the same amount of magnetic microwires. Figure 3 summarizes the Љ spectra for the n = 12 and n = 17 samples with strain ranging from zero to 2.8%-3.2%. Overall, there is a significant influence of microwire amount on Љ. The strain effect also varies with the wire amount. For the n = 6 sample, Љ is almost independent of the strain ͑not shown͒. For the n = 12 sample, there is a remarkable dependence of Љ on strain, featured as the evolution of symmetric resonance peak at 4.5 GHz. As n increases to 17, the peak position and the evolution trend with the strain remain unchanged, but the shape becomes asymmetric.
Strain dependence of effective permittivity can be quantitatively analyzed using the Gaussian molecular network model ͑GMNM͒.
9 Figure 4 shows dependence of ⌬ for varying amount of wires at 4 GHz, where ⌬ = ͓Ј͑͒ − Ј͑ =0͔͒ / Ј͑ =0͒. This relationship is well fitted by a functional form k͓1+ −1/ ͑1+͒ 2 ͔, where k is a constant, the value of which varies with the wire amount at fixed frequency as shown in Fig. 4 .
The effective permittivity is dependent on the wire concentration p and the averaged polarizability ͗␣͘, i.e., = m +4p͗␣͘, where m denotes the permittivity of matrix. 8 Thus, increasing wire amount improves the effective polarization and hence the permittivity. The polarizability is primarily dependent on electric excitation. For the present composite configuration with microwires perpendicular to the electric field vector, although the sample is aligned with the tensile axis of the deformation apparatus, an axial component of electrical field still exists due to the inevitable misalignment of the wires within the sample and/or the possible inhomogeneity of the electrical field in the cell which may affect the electric excitation of the wires. This accounts for the observed dielectric response of the composite samples due to the polarization and the induced circumferential magnetization of the wires. For the magnetic microwires, the strain modifies the magnetization process and hence the circumferential permeability, resulting in the changes in Ј. However, since the experimental data were obtained using the same protocol and measurement cell, the changes in permittivity can be solely attributed to strain.
It is also shown that more microwires induce a sharper peak at approximately 4 GHz, indicating an increased stress sensitivity. However, this argument does not hold true for the composites with n = 6 and copper wires which can be understood as follows: for n = 6, the wires concentration is not high enough to satisfy the response of a noticeable peak to the external stress; for copper wires, they have no response to the induced circumferential magnetic field and therefore the composite does not show any stress-induced peaks. Overall, the effective permittivity of wire composites increases with the strain, which is further discussed later based on the GMNM approach. It is worth pointing out that, owing to the higher concentration of copper wires as a result of larger diameter than that of ferromagnetic microwires, the composite sample with copper wires shows a larger permittivity than that with the same amount of ferromagnetic microwires.
From the application point of view, it is important to find ways to improve the stress sensitivity. Obviously, this can be approached by increasing the amount of microwires in the composite. However, it should be noted that it does not necessarily mean that the more the better. In this work, the sensitivity of permittivity to stress showed little change between the n = 12 and n = 17 samples. Somewhat surprisingly we find that the samples containing magnetic microwires and that containing nonmagnetic microwires appear to yield similar stress sensitivity of Ј. This observation suggests an independence of the stress sensitivity in wire composites on the conductivity and magnetic permeability of the wires for a sufficiently high concentration of wires, although the reason for this result is not obvious.
The most striking feature shown in Fig. 3 is the remarkable evolution of the peak with the stress for n = 12 and n = 17 samples. We propose that the gradual spectral change from relaxation to resonance at 4.5 GHz can also be attributed to the influence of stress on wire magnetization as discussed above, which modifies the eddy current loss and contributes to the steady evolution of the Љ resonance due to the circumferential ferromagnetic resonance. 11, 12 Now we discuss the strain-permittivity relationship. Basically the GMNM approach is related to the elasticity network of the composite material. Excellent agreement between the experimental results and the GMNM model is observed for all samples ͑Fig. 4͒, which suggests the applicability of the model at measured strain range. By introducing more microwires ͑n Յ 12͒ into the rubber matrix, a higher stress sensitivity ͑characterized by k value in this case͒ and a closer experimental-model match is obtained. But when n increases to 17, k is decreased and a relatively larger mismatch is observed. This can be attributed to the enhanced complexity of composite mesostructure arisen from the larger amount of embedded microwires. 9 Nevertheless, due to the periodical topology of the microwires within the composite; GMNM gives fairly good predictions for all samples.
In summary, we have performed a detailed study on the mechanical-electromagnetic coupling of magnetic microwire polymer composites in the microwave range of frequencies. The stress tunable effect is clearly demonstrated in the permittivity spectra. Analyses of the evolution trend of permittivity and the related strain sensitivity as a function of wire concentration and stress are used to identify the optimized composite architecture for stress sensing applications and the corresponding effective strain ranges. A good agreement is achieved between experimental data and GMNM model, whereby a complex relationship of k͑͒ associated with the strain dependence of permittivity is shown. All these results demonstrate that the proposed composite are promising candidate materials for the stress sensing and structural interrogation applications.
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